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The aging process of human beings is accompanied by the decline of learning and memory ability and progressive decline of brain function, which induces Alzheimer’s Disease (AD) in serious cases and seriously affects the quality of patient’s life. In recent years, more and more studies have found that natural plant antioxidants can help to improve the learning and memory impairment, reduce oxidative stress injury and aging lesions in tissues. This study aimed to investigate the effect of Monarda didymaL. essential oil and its main component thymol on learning and memory impairment in D-galactose-induced aging mice and its molecular mechanism. The composition of Monarda didymaL. essential oil was analyzed by Gas Chromatography-Mass Spectrometer (GC-MS). A mouse aging model was established by the subcutaneous injection of D-galactose in mice. The behavior changes of the mice were observed by feeding the model mice with essential oil, thymol and donepezil, and the histopathological changes of the hippocampus were observed by HE staining. And the changes of acetylcholinesterase (AchE), superoxide dismutase (SOD) and glutathione peroxidase (GSH-PX) activities, and the content of malondialdehyde (MDA) in hippocampal tissues were detected by corresponding kits. The expression of mitogen activated protein kinase (MAPK) and nuclear factor E2 related factor 2 (Nrf2) pathways related proteins were detected by western blot. Animal experimental results showed that compared with model group, the above indexes in Monarda didymaL. essential oil and thymol groups improved significantly in a dose-dependent manner. Monarda didymaL. essential oil and its main active component thymol can improve the learning and memory impairment of aging mice to some extent, and Nrf2 and MAPK pathways may be involved in its action process.
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1 INTRODUCTION
With the aggravation of aging, the number of patients with neurodegenerative diseases such as AD is increasing gradually. It is estimated that by 2050, there will be more than 100 million AD patients in the world, which will seriously affect the life quality and families of patients and increase the economic and social burden (Masters., 2020). In recent years, it has been pointed out that oxidative stress plays an important role in aging, learning and memory impairment and the onset of AD, which may be the earliest pathological feature of brain injury in AD patients (ForetDo Carmo et al., 2020). Moreover, it can interact with the processes of amyloid β-protein (Aβ) deposition (Cheignon et al., 2018), inflammatory reaction (Wilkinson and Landrenth, 2006), Tau protein phosphorylation (Alavi Naini and Soussi-Yanicostas, 2015), and activate multiple signaling pathways such as MAPK, mTOR, PI3K/AKT, which continuously aggravate the neuronal damage in patients and eventually cause learning and memory impairment or even dementia in patients. Therefore, it is urgent to find effective interventions to delay neural aging and improve learning, memory, and cognitive function of the prevention and treatment of neurodegenerative disease, which is also a major challenge in the field of geriatrics.
Natural products of medicinal value have attracted increasing attention due to the serious side effects usually caused by chemical drugs. In recent years, the medicinal value of natural active antioxidant components has also been confirmed gradually. Various natural phytoactive components with antioxidant functions such as Resveratrol (Gueguen et al., 2015), Curcumin (Banji et al., 2014), ginkgolide (Shao et al., 2021) and others have also been shown to have therapeutic value in degenerative neurological diseases, not only reducing Aβ-protein, but also has some effects on apoptosis, autophagy, neuroinflammation, oxidative stress, and mitochondrial function, among which the antioxidant function may serve as a potential basis for the treatment of neurodegenerative disease. The antioxidant effects of natural plant essential oils have also been developed and utilized. Many essential oils such as Rimulus cinnamon (Lim et al., 2001), Lavandula angustifolia Mill (Xu et al., 2017). And Alpinia oxyphylla (Xu et al., 2020) have been proved to display nervous system activity and can effectively improve the learning and cognitive impairment of mice caused by scopolamine. However, the relevant research is still in the basic stage. The development of more natural plant ingredients with antioxidant activity can provide new options for the research and development of new drugs for the treatment of neurodegenerative diseases.
Monarda didymaL. is a plant of Monarda didymaL. of Labiate originated from America. Studies have shown that the Monarda didymaL. essential oil had strong anti-inflammatory, anti-bacteria and anti-oxidation effects, and thymol was the main component (Ricci et al., 2017). Thymol has been proved to be a potent antioxidant substance in the previous study, it showed that thymol seemed to play a positive role in the expression and maturation of BDNF in the hippocampus, with a significant anti-depressant-like effect (Capibaribe et al., 2019). Thymol can improve brain insulin resistance and up-regulate the expression of Nrf2 and HO-1 in Nrf2/HO-1 pathway to improve the cognitive impairment of mice induced by high-fat diet (FangFang et al., 2016). It was reported that thymol had application potential in the anti-depression and cognitive impairment and other cranial nerves. However, the protective effects of Monarda didymaL. essential oil and its main component thymol on neuroprotection such as learning and memory impairment caused by aging have not been reported, and the deep mechanism of antioxidant has not been elucidated.
Therefore, in this study, we investigated the effect of Monarda didymaL. essential oil and its main active ingredient thymol on improving the learning and memory ability of D-galactose-induced aging mice, in which Nrf2 and MAPK pathways might be involved.
2 MATERIALS AND METHODS
2.1 Reagents
Monarda didymaL. essential oil used in the experiment was originated from Heilongjiang Province, China, and cultivated by our team. Donepezil (Shanghai Yuanye Bio-Technology Co., Ltd., >98%, Shenyang, China); D-galactose (Beijing Dingguo Changsheng Biotech Co., Ltd., >98%, Beijing, China); SOD, MDA, and GSH-Px kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China); All antibodies for western blot were procured from Beijing Boao Biotechnology Co., Ltd.
2.2 Animals
Ninety SPF ICR mice (male; aged 6 weeks and weighing 18–22 g) were purchased from Changchun Yisi Experimental Animal Technology Co., Ltd. (license No. scxk-2018-0007). The mice were fed in separate cages at 20–24°C, in a humidity of 40%–60% and a 12 h day/night cycle, and with a free access to water and food. The experiments were started after the adaptive feeding in the laboratory for 3 days.
2.3 Analysis of components in Monarda didymaL. volatile oil by GC-MS
2.3.1 Chromatographic conditions
1) Chromatographic column: DB-1 capillary column (0.25 mm × 60 m, 0.25 μm). 2) Carrier gas: nitrogen (99.999%). 3) Flow rate: 1 ml/min. 4) Sample inlet temperature: 250°C. 5) The shunt ratio is 40:1. 6) The injection volume is 2 μl. 7) Column temperature program: initial temperature maintained at 60°C for 4 min, and then increased to 150°C at 3°C/min for 10 min; Increase to 240°C at 10°C/min for 10 min.
2.3.2 Mass spectrometric conditions
EI ion source temperature: 230°C; electron energy: 70 eV; connector temperature: 280°C; solvent delay: 7.5 min; scan range: m/z = 33–350; electron multiplier voltage: 2.4 kV.
2.4 Establishment of animal model and administration
Ninety male ICR mice were randomly divided into nine groups, control group, model group, donepezil group, and low-, medium- and high-dose Monarda didymaL. essential oil groups (oil-L, oil-M, and oil-H) and thymol groups (thymol-L, thymol-M, and thymol-H), 10 mice in each group. Except for those in control group, mice in the other groups were subcutaneously injected with 150 μg∙g-1 D-galactose and those in control group were injected subcutaneously with an equal volume of normal saline every day. At the same time, mice in all groups were intragastrically administered with the different agents once daily, in which mice in donepezil group were given 3 mg∙kg-1 donepezil, those in the low-, medium- and high-dose oil and thymol groups were given 20 mg∙kg-1, 40 mg∙kg-1, and 80 mg∙kg-1, mice in the control group and the model group were respectively given an equal volume of distilled water. All the mice were intragastrically given the different agents successively for 8 weeks, and the behavioral test was carried out 30 min after the administration 9 weeks 24 h after the behavioral test, hippocampal tissue samples of mice were taken for HE staining, AchE, SOD, GSH-Px activity, and MDA content, and Western blotting.
2.5 The behavioral test
2.5.1 Morris water maze test
Morris water maze test consisted of three stages: visible platform stage, hidden platform stage and no platform stage. The experiment lasted for 6 days, and each animal was tested four times a day. The platform was placed in two different positions in the first two and the last two stages respectively. 3 days before the experiment, mice were sent to the water maze test room at fixed time every day for 4 h to get familiar with the environment. Stage 1 visibility period (1 day): Put platform at first as the center, the mice from the platform of the contralateral quadrants starting point for the wall, water free inquiry 60 s, find the platform system records mice swimming time (incubation period) and speed, if more than 60 s didn’t find the platform (record the incubation period of 60 s), and guide to the platform in mice after 15 s rest for the next test, each time interval 20 min. The second stage of hidden plateau (4 days): The mice were fixed 1 cm below the horizontal plane in the same position, and the mice were launched from any of the four starting points on the pool wall. The time (incubation period) and average speed of finding the platform of the mice were recorded. Go in a different sequence four times a day. The third stage no platform phase (1 day): The platform was evacuated, the target platform position was marked on the computer screen, and the mice were put into water at a position far from the target platform. The times of crossing the platform and the platform quadrant retention time of the mice were recorded within 60 s.
2.5.2 Step-through test
The mice were placed in the test environment to adapt for 5 min, and then put into the bright box. After 10 s, the door of the bright and dark box was opened. After the mice fully entered the dark box, the door was closed immediately and an electric shock was given, which lasted for 1–2 s for multiple times within 5 min. After 24 h, the mice were re-placed in the bright box, and the door of the bright and dark box was opened. The time (incubation period) for the mice to enter the dark box for the first time and the times of entering and exiting within 5 min were observed and recorded, and the memory ability of the mice was evaluated.
2.6 Hematoxylin-eosin staining
Upon anesthesia, the mice were perfused transcardially with ice-cold saline solution followed by 4% paraformaldehyde. Brain tissues were immediately isolated and fixed in 4% paraformaldehyde solution for 24 h. After routine tissue processing, tissues were stained with hematoxylin-eosin to capture the shape of neurons. Images were taken with an optical microscope.
2.7 Detection of AchE, SOD, MDA, and GSH-Px in the hippocampus of mice
The hippocampal tissue samples of each group were homogenized, fully lysed with high-efficiency RIPA lysis buffer, centrifuged at 3500 r/min for 15 min, and the supernatant was collected. The oxidative stress indicators (GSH-Px, MDA content, and SOD activity) and AchE activity in the tissues were detected according to the operation steps of the kit manual.
2.8 Detection of Nrf2 and MAPK pathways related protein expression by western blot assay
Homogenates were taken from each group, RIPA Buffer lysate was added, centrifuged, and supernatant was collected. Total protein was extracted with total protein extraction kit, and protein concentration was measured by BCA method. After that, the protein samples were loaded, electrophoresis, membrane transfer and sealed. Primary antibodies P38, P-P38, ERK1/2, P-ERK1/2, Nrf2, HO-1, SOD2, and NQO-1 were dropped and incubated overnight at 4°C. Secondary antibodies were dropped and incubated for 2 h on a shaking bed. TBST was cleaned and ECL luminescence solution was added for imaging. GAPDH was used as internal reference.
2.9 Statistical analysis
The data were expressed as mean ± s. SPSS21.0 statistical software was used for the one-way ANOVA, and t-test was used to compare the results between groups, and p < 0.05 or p < 0.01 was considered to be statistically significant.
3 RESULTS
3.1 Analysis of Monarda didymaL. essential oil composition
The components of Monarda didymaL. essential oil was analyzed by GC-MS method, which mainly included thymol, 2-platycladine, β-myrcene, pinene, terpene, cymene, terpinene, and δ-3-carene. Among them, thymol accounted for the largest amount, about 63.8% (Table 1).
TABLE 1 | Composition of Monarda didymaL. essential oil.
[image: Table 1]3.2 Effect of Monarda didymaL. essential oil and thymol on the performance of mice in morris water maze test
The change of learning and memory ability of animals may be reflected in the detection of their behavior function, so we first used Morris water maze method to evaluate the learning and memory abilities of mice. The effects of Monarda didymaL. essential oil and thymol on learning and memory abilities were shown in Figure 1. There was no difference in the first day latency of mice among groups (p < 0.05), and the average speed of movement was not statistically different (p < 0.05) (Figures 1A,B), which indicated that all the mice in this experiment performed normally and could be used for subsequent experiments.
[image: Figure 1]FIGURE 1 | Comparison of water maze test results of mice in each group. (A) Comparison of escape latency of mice in plateau stage; (B) Comparison of average swimming speed of mice in the plateau stage; (C) Comparative analysis of escape latency of mice in hiding plateau stage; (D) Comparison of the number of times of mice crossing the platform in non-platform stage; (E) Comparison of platform quadrant activity time between groups in non-platform phase; Compared with control group *p < 0.05; Compared with model group #p < 0.05; compared with donepezil group &p < 0.05 n = 10.
The results of positioning navigation test (Figure 1C) showed that the latency of mice in each group decreased to different degrees with the increase of training days after platform hiding. Compared with control group, latency of model group was significantly higher (p < 0.05); Compared with model group, the latency of mice in donepezil, oil and thymol groups decreased significantly, and the higher the dose of oil and thymol, the lower the latency. (p < 0.05). Compared with donepezil group, the latency of mice in oil-L, thymol-L, and thymol-M groups increased (p < 0.05), but there was no difference between thymol-H and Donepezil groups (p < 0.05).
The results of the space exploration test showed that (Figures 1D,E) after the platform was removed, the number of mice crossing the platform and the activity time in the platform quadrant in the model group were significantly lower than those in the control group (p < 0.05). Compared to the model group, donepezil, oil and thymol groups increased significantly (p < 0.05), and increased in a dose-dependent manner in oil and thymol groups. The activity time and the numbers of crossing in the platform quadrant were close between thymol-H group and donepezil groups. However, the durations of locomotor activity and the times of crossing over the platform in the quadrant of the platform between oil-H and thymol-M groups had similar effects without significant difference (p < 0.05).
3.3 Neuroprotective effects of Monarda didymaL. essential oil and thymol on a D-galactose-induced mice model in step-through test
The results of step-through test (Figure 2) showed that compared with the control group, the escape latency of the model group reduced significantly, and the number of errors increased (p < 0.05). Compared with the model group, the escape latency was prolonged and error times were reduced in the donepezil group. The escape latency was prolonged and error times were reduced in the oil and thymol groups in a dose-dependent manner to different extents. In the escape latency test, the effects of thymol-H and donepezil groups were similar without significant difference (p < 0.05), while the oil-H group was higher than that of thymol-M group (p < 05). And in the number of errors, there was also no significant difference between thymol-H and donepezil groups, oil-H and thymol-M groups (p < 0.05).
[image: Figure 2]FIGURE 2 | Comparison of step-through test of mice in each group. (A) Comparison of escape latency; (B) Comparison of error times; Compared with control group *p < 0.05; compared with model group #p < 0.05; compared with donepezil group &p < 0.05 n = 10.
3.4 Effects of Monarda didymaL. essential oil and thymol on histopathological changes in the hippocampus
The pathology results showed that changes in the histopathology features of the hippocampus sections as observed by hematoxylin and eosin (HE) staining (Figure 3). The neurons in the hippocampus of the control group were clearly stained, the cells were arranged closely and orderly, and the nuclei and cytoplasm were clearly visible (Figure 3A). Compared with the control group, the pyramidal neurons in the hippocampus of the model group had loose structure and disorderly arrangement, and the normal neurons were significantly reduced, with deepening staining and different cell morphology (Figure 3B). The results showed that long-term injection of D-galactose caused brain damage, neuron damage or loss in mice.
[image: Figure 3]FIGURE 3 | Pathological observation in hippocampal tissues of mice in each group (HE staining). (A) Control group; (B) model group; (C) donepezil group; (D) oil-L group; (E) oil-M group; (F) oil-H group; (G) thymol-L group; (H) thymol-M group; (I) thymol-H group. The scale is 50 μm.
After treated with thymol and oil, the neuronal cell structure tended to be compact, the cells were arranged neatly, and normal neurons were increased with the increase of the dose. Oil-H and thymol-M groups showed no significant differences in other indicators except for slightly loose neuron arrangement, as compared with the donepezil group. Among them, the condition in the thymol-H group was significantly improved after treatment, and the effect was basically the same as that in the donepezil group (Figures 3C–I). These results indicated that oil and thymol had a protective effect on D-gal-induced hippocampal damage in a dose-dependent manner.
3.5 Effects of Monarda didymaL. essential oil and thymol on the serum SOD, GSH-Px, MDA, and AchE in mice
In vivo antioxidant experiments, the body’s ability to resist oxidative damage is generally reflected by the determination of the activities of SOD, GSH-Px, and MDA contents (Öztürk-Ürek et al., 2001; Liu et al., 2011). The change of AchE activity often leads to learning and memory dysfunction (Ruan et al., 2014). The activities of MDA, GSH-Px, SOD, and AchE in the hippocampus of each groups were shown in Table 2. Compared with the control group, the activities of SOD and GSH-Px in model group decreased significantly, while MDA increased significantly, indicating that the oxidation index and AchE activity were increased under the action of D-galactose. The results showed that the model successfully induced senescence (p < 0.05). Compared with model group, the activities of SOD and GSH-Px in oil and thymol groups increased in a dose-dependent manner, while the activities of AchE and MDA decreased in a dose-dependent manner. There was no significant difference between oil-H, thymol-H and donepezil groups. It was suggested that oil and thymol could effectively improve the oxidative stress response of damaged hippocampal tissue to some extent and played an anti-aging role.
TABLE 2 | Comparison of oxidative stress indexes and AchE activity in each group (n = 5).
[image: Table 2]3.6 Effects of Monarda didymaL. essential oil and thymol on related proteins in the Nrf2 and MAPK pathways
Nrf2 pathway is the first line for cells to defense against ROS, and regulate cell metabolism through a series of downstream reactions, while MAPK is recognized as an important signaling pathway mediating cell growth and proliferation, both of which are involved in the mechanism of various brain nerve cell injury related neurodegenerative diseases (Zhou et al., 2019). Therefore, the expressions of Nrf2 and MAPK pathways related proteins in each group were detected in this study. The results (Figure 4) showed that p-P38/P38 ratios in model group increased significantly compared with control group. The expression level of P-ERK/ERK decreased significantly (p < 0.05). Compared with model group, p-P38/P38 in Donepezil, oil and thymol groups significantly decreased, and p-ERK/ERK expression level significantly increased (p < 0.05). Compared with the control group, the expression levels of Nrf2, HO-1, SOD2, and NQO1 in the model group were relatively lower (p < 0.05), while donepezil, oil and thymol treatments significantly increased the levels of Nrf2, HO-1, SOD2, and NQO1. These data suggested that Nrf2 and MAPK pathways may be involved in the effects of Monarda didymaL. essential oil and thymol on the neural function of aging mice.
[image: Figure 4]FIGURE 4 | Comparison of related proteins expression levels in each group. Compared with control group *p < 0.05; Compared with model group #p<0.05; compared with donepezil group &p < 0.05 n = 10.
4 DISCUSSION
Oxidative stress theory is one of the mainstream theories on the pathogenesis of neurodegenerative diseases, which is closely related to the occurrence and development of typical degenerative diseases such as AD, Parkinson’s disease (PD) and amyotrophic lateral sclerosis (ALS). Oxidative stress refers to the stimulation of the body, the excessive production of high-activity molecules, such as reactive oxygen species (ROS) and reactive nitrogen radicals (RNS) in the body, resulting in the imbalance of antioxidant protection system. ROS/RNS exceed the clearance capacity of cell antioxidant system, thus causing oxidative damage to tissues and cells. The hypoxia effect in aging brain further promotes the production of ROS, aggravates oxidative stress damage, and accelerates the neurodegenerative disease process (Islam, 2016). Therefore, based on the mechanism of aging and aging related diseases, it is an important direction in the field of learning and memory function of geriatrics to explore anti-aging drugs to prevent or reduce learning and memory impairment continuously.
At present, most of the drugs mainly used in clinical treatment of neurodegenerative diseases can only partially relieve symptoms, or relieve cognitive, motor, and mental disorders in early and middle stage patients, and it is difficult to achieve satisfactory therapeutic effects. In recent years, with the development of traditional Chinese medicine, most scholars have found that natural active ingredients with antioxidant function may become the key basis for the treatment of neurodegenerative disease.
Essential oil is an oily liquid with volatile property extracted from plants, and have good antioxidant and anti-inflammatory effects proved by a large number of studies. It is widely used in cosmetics, food, health drugs, and nervous system related diseases. Studies have shown that the virgin olive oil and lemon volatile oil can reduce the AchE enzyme activity and MDA level in the hippocampus of mice with stress injury to a certain extent, increase the activity of SOD and GSH-Px, improve the learning and memory abilities of mice, and prevent AD (Falls et al., 2018; Tzekaki et al., 2021). The study of Boiangiu et al. (2020) found that compound essential oils [ingredients: Limonene (91.11%), followed by gamma - pine oil olefin (2.02%), beta myrcene (1.92%), beta pinene (1.76%), alpha pinene (1.01%), terpene (0.67%), linalool (0.55%), cymene (0.53%), and valerian (0.43%)] had strong antioxidant effect, which could effectively reduce the amnesia and oxidative stress damage of hippocampal tissue in rats, and improve the learning and memory abilities of model rats to a certain extent. In this study, GC-MS analysis showed that Monarda didymaL. essential oil contains thymol, 2- platycladine, β-myrcene, pinene, terpene, cymene, terpinene, and δ-3-carene, part of the components was the same as the above-mentioned compound essential oil components of boiangiu RS, and studies confirmed that Monarda didymaL. essential oil and its main component thymol had strong antioxidant effects, Capibaribe et al. (2019) found that thymol had neuroprotective effects on the central nervous, which could effectively improve behavioral function, reduce anxiety, restore short-term memory function, and improve depressive symptoms in animal models of depression. It was also reported that thymol improved learning and memory abilities of HFD (high fat diet)-induced cognitive dysfunction animal models, improved HFD-induced hippocampal Aβ deposition and tau hyper phosphorylation, and inhibited oxidative stress and inflammatory response in hippocampal tissues (Asadbegi et al., 2017). However, the studies on the Monarda didymaL. essential oil and its main component thymol in neurodegenerative diseases are relatively rare, and the protective effects on neurological function and learning and memory ability are not clear yet.
A large number of studies have proved that long-term injection of D-galactose can cause aging of the body, and this model is highly similar to natural aging of the organism. Therefore, D-galactose often used to make animal aging models (Xie et al., 2018; Doan et al., 2015; Li et al., 2021) in this study, a mouse model of aging was established by subcutaneous injection of D-galactose. Morris water maze test and biochemical indices were used to study the effects of menthol and thymol on learning and memory in mice. In Morris water maze test, compared with model group, latency of mice in each group reduced significantly after treatment, and the times of crossing the platform and the activity time in the platform quadrant increased. The changes of oil and thymol concentration groups were dose-related, and the changes of thymol were greater at the same dose. There was no statistical difference between the high-dose and donepezil groups. It was suggested that the essential oil and thymol could improve the learning and memory abilities of aging mice, and the effect was dose-dependent, and thymol had the better effect. The content of thymol in the high dose of essential oil was much lower than that in the medium dose, but the effect was similar, which reflected the synergistic effect of other components of essential oil and thymol, indicating that oil had more potential in treatment. In order to ensure the reliability of the experimental conclusions, we tested the platform response time and the number of errors in the step-through test of mice in each group. The results showed that compared with the model group, the platform response time and the number of errors in the platform response time decreased and the latency increased in the medication group. The number of dark avoidance errors increased, and the incubation period decreased significantly. The change of oil, thymol concentration groups was dose-related, and the change of high dose was the most significant, but the effect of thymol was better at equal dose. Moreover, there was no significant difference between the oil-H and thymol-M, which once again verified the above conclusion. These results indicated that the Monarda didymaL. essential oil. And thymol could effectively improve the learning, memory, autonomy and exploratory behavior of aging mice, and preliminarily verified the hypothesis that the Monarda didymaL. essential oil. Could effectively improve learning and memory abilities at the behavioral level.
The signaling of neuronal synapses in the hippocampus is closely related to learning and memory, so maintaining the structural integrity of neurons in the hippocampus is important for improving learning and memory deficits (Pirger et al., 2009). The results of the HE staining experiment showed that pyramidal neurons in the hippocampus region of aging mouse model had loose structure, sparse and disordered arrangement, and abnormal morphology, which was speculated to be caused by long-term chronic oxidative stress injury induced by D-galactose. After treatment, the rate of neuronal apoptosis and neuronal injury were reduced to different degrees, and the neuronal structure, sequence and cell morphology seemed to be reduced to different degrees. Among them, the effects of oil -H and thymol -M on the above indicators were similar to that in the donepezil group. Except for the slightly loose arrangement of neurons, there was no significant difference in other indicators, suggesting that the they had similar efficacy.
Oxidative stress can create an imbalance between the efficiency of antioxidant systems of enzymes (e.g., catalase, GSH-PX, and SOD) and non-enzymes (e.g., reduced GSH) (Borys et al., 2019; Lushchak, 2014). Abnormal redox reaction in the body can produce excessive free radicals such as ROS, which can attack intracellular biological macromolecules, including nucleic acids, protein and lipids. MDA is a product of oxidative toxicity that is produced by lipid peroxidation and causes cross-linking of nucleic acids, and excessive consumption of intracellular antioxidant enzymes. This series of changes can finally lead to characteristic neurodegenerative pathological changes such as aging and loss of neurons in the brain (Esposito, 2006; Devore et al., 2010; Buendia et al., 2015). GSH-Px is an important peroxidase in the body that can catalyze GSH to produce GSSG, thus protecting the structural and functional integrity of cell membrane. The contents of MDA and the activities of SOD and GSH-Px in the hippocampus of aging mice in each group were measured. The results showed that compared with the model group, the activities of SOD and GSH-px enzymes in the tissues of each groups increased after treatment, while the content of MDA decreased. The changes of the above indicators in the high dose group were more significant, and thymol had a better effect at the same dose. These results indicated that both Monarda didymaL. essential oil and thymol could improve the oxidative stress response in aging mice, and the effect was dose-dependent. Besides, the efficacy of oil-H was better than that of thymol-M, indicating that other components in the Monarda didymaL. essential oil except thymol also played a role in improving the oxidative stress response of aging mice.
MAPK pathway is an important signal transduction pathway in human cells, which widely exists in the central nervous system, transduces extracellular signal stimuli to intracellular or nuclear under physiological state, participates in synaptic transmission, neuronal remodeling, morphological differentiation as well as cell proliferation, apoptosis and other physiological processes, which is closely related to the occurrence of many diseases in the nervous system. Five MAPK signal transduction pathways have been identified in eukaryotic cells: extracellular signal-regulated protein kinase (ERKI/2 also known as P44/42MAPK), c-Jun N-terminal Kinase (JNK also known as SAPKI), p38 mitogen-activated protein kinase (P38, also known as SAPK2), ERK3/4 and extra Cellular signal-regulated kinase 5 (ERK5) subfamily, each subfamily in turn contains multiple subtypes (Kyriakis and Avruch., 2001; Saito., 2013). A large body of researches showed that exogenous oxidative stress could lead to the activation of intracellular MAPK pathway. ROS induced by hypoxia or ROS inducers was involved in the activation of p38 and phosphorylation of JNK (Niso-Santano et al., 2010; Li et al., 2012).
Nrf2 pathway is a typical signaling pathway in the processes of anti-oxidative stress and anti-aging. The activation of Nrf2 and its downstream signaling is one of the main means to mediate the intracellular antioxidant defense system, and the main action pathway by which multiple antioxidants, including natural compounds and synthetic products, exert antioxidant effects in vitro and in vivo. Studies showed that chrysin, apigenin, and chrysoeriol could exert cytoprotective effects against oxidative stress through upregulation of ERK phosphorylation driving Nrf2 nuclear translocation and increased the expression of its downstream protein HO-1 (Yang et al., 2015). Ginkgo extracts could activate phosphorylated ERK in mouse C2C12 myoblasts, leading to the expression of nuclear Nrf2 and downstream HO-1, whereas application of the ERK inhibitor TO98059 could significantly inhibit Nrf2 nuclear translocation and HO-1 upregulation (Innamorato et al., 2008). Other studies showed that the activation of ERK was involved in the regulation of synaptic stability and plasticity, and was beneficial to the maintenance of spatial learning and memory ability of animals (Hebert., 2002). In this study, we detected the change of Nrf2 and MAPK pathway, and the results showed that p-P38/p38 decreased to different degrees after different drug treatments, and the expression levels of p-ERK/ERK, Nrf2 HO-1, SOD2, and NQO-1 increased. Similar to many natural antioxidants, Monarda didymaL. essential oil could not only remove ROS, but also reduce the phosphorylation of p38 in cells, indicating that the regulation of MAPK signaling pathway might be involved in the neuroprotective effects of Monarda didymaL. essential oil and thymol. Monarda didymaL. essential oil and thymol further promoted the expression of Nrf2, HO-1, SOD2, and NQO-1 by promoting Nrf2 nuclear translocation, thus playing a protective role in anti-aging.
5 CONCLUSION
In conclusion, this study concluded that the Monarda didymaL. essential oil and its main component thymol could effectively improve the learning and memory abilities of mice. Thymol was the main effector, and other components in the Monarda didymaL. essential oil besides thymol also played a certain role. Its mechanism may be related to Nrf2 and MAPK pathways, but further study is needed to confirm this theory.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by The Committee on biological and medical ethics of Jiamusi University.
AUTHOR CONTRIBUTIONS
YG, YQ, WL, HS, and JC performed the experiments, interpreted the results, and wrote the manuscript. JL, DW, and YG designed the experiments. JL critically interpreted data and critically revised and approved the manuscript. All authors read and approved the final manuscript.
ACKNOWLEDGMENTS
We gratefully acknowledge the support of the Basic Scientific Research Project for Heilongjiang Provincial Colleges and Universities [No. 2017-KYYWF-0603].
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Alavi Naini, S. M., and Soussi-Yanicostas, N. (2015). Tau hyperphosphorylation and oxidative stress, a critical vicious circle in neurodegenerative tauopathies?Oxid. Med. Cell. Longev. 2015, 1–17. doi:10.1155/2015/151979
 Asadbegi, M., Yaghmaei, P., Salehi, I., Komaki, A., and Ebrahim-Habibi, A. (2017). Investigation of thymol effect on learning and memory impairment induced by intrahippocampal injection of amyloid beta peptide in high fat diet- fed rats. Metab. Brain Dis. 32 (3), 827–839. doi:10.1007/s11011-017-9960-0
 Banji, O. J. F., Banji, D., and Ch, K. (2014). Curcumin and hesperidin improve cognition by suppressing mitochondrial dysfunction and apoptosis induced by D-galactose in rat brain. Food Chem. Toxicol. 74, 51–59. doi:10.1016/j.fct.2014.08.020
 Boiangiu, R. S., Brinza, I., Hancianu, M., Erdogan Orhan, I., Eren, G., Gündüz, E., et al. (2020). Cognitive facilitation and antioxidant effects of an essential oil mix on scopolamine-induced amnesia in rats: Molecular modeling of in vitro and in vivo approaches. Molecules 25 (7), 1519. doi:10.3390/molecules25071519
 Borys, J., Maciejczyk, M., Antonowicz, B., Krętowski, A., Sidun, J., Domel, E., et al. (2019). Glutathione metabolism, mitochondria activity, and nitrosative stress in patients treated for mandible fractures. J. Clin. Med. 8 (1), 127. doi:10.3390/jcm8010127
 Buendia, I., Parada, E., Navarro, E., León, R., Negredo, P., Egea, J., et al. (2015). Subthreshold concentrations of melatonin and galantamine improves pathological AD-hallmarks in hippocampal organotypic cultures. Mol. Neurobiol. 53 (5), 3338–3348. doi:10.1007/s12035-015-9272-5
 Capibaribe, V. C. C., Vasconcelos Mallmann, A. S., Lopes, I. S., Oliveira, I. C. M., de Oliveira, N. F., Chaves, R. C., et al. (2019). Thymol reverses depression-like behaviour and upregulates hippocampal BDNF levels in chronic corticosterone-induced depression model in female mice. J. Pharm. Pharmacol. 71 (12), 1774–1783. doi:10.1111/jphp.13162
 Cheignon, C., Tomas, M., Bonnefont-Rousselot, D., Faller, P., Hureau, C., and Collin, F. (2018). Oxidative stress and the amyloid beta peptide in Alzheimer’s disease. Redox Biol. 14, 450–464. doi:10.1016/j.redox.2017.10.014
 Devore, E. E., Grodstein, F., van Rooij, F. J. A., Hofman, A., Stampfer, M. J., Witteman, J. C. M., et al. (2010). Dietary antioxidants and long-term risk of dementia. Arch. Neurol. 67 (7), 819–825. doi:10.1001/archneurol.2010.144
 Doan, V. M., Chen, C., Lin, X., Nguyen, V. P., Nong, Z., Li, W., et al. (2015). Yulangsan polysaccharide improves redox homeostasis and immune impairment in d-galactose-induced mimetic aging. Food Funct. 6 (5), 1712–1718. doi:10.1039/c5fo00238a
 Esposito, L., Raber, J., Kekonius, L., Yan, F., Yu, G. Q., Bien-Ly, N., et al. (2006). Reduction in mitochondrial superoxide dismutase modulates alzheimer’s disease-like pathology and accelerates the onset of behavioral changes in human amyloid precursor protein transgenic mice. J. Neurosci. 26 (19), 5167–5179. doi:10.1523/JNEUROSCI.0482-06.2006
 Falls, N., Singh, D., Anwar, F., Verma, A., and Kumar, V. (2018). Amelioration of neurodegeneration and cognitive impairment by Lemon oil in experimental model of Stressed mice. Biomed. Pharmacother. 106, 575–583. doi:10.1016/j.biopha.2018.06.160
 Fang, F., Li, H., Qin, T., Li, M., and Ma, S. (2016). Thymol improves high-fat diet-induced cognitive deficits in mice via ameliorating brain insulin resistance and upregulating NRF2/HO-1 pathway. Metab. Brain Dis. 32 (2), 385–393. doi:10.1007/s11011-016-9921-z
 ForetDo Carmo, S., Welikovitch, L. A., Orciani, C., and Cuello, A. C. (2020). Investigating the role of neuronal oxidative stress in early Alzheimer’s disease pathology. Alzheimer's. &amp. Dement. 16 (S3). Portico. doi:10.1002/alz.041171
 Gueguen, N., Desquiret-Dumas, V., Leman, G., Chupin, S., Baron, S., Nivet-Antoine, V., et al. (2015). Resveratrol directly binds to mitochondrial complex I and increases oxidative stress in brain mitochondria of aged mice. PLOS ONE 10 (12), e0144290. doi:10.1371/journal.pone.0144290
 Hebert, A. E., and Dash, P. K. (2002). Extracellular signal-regulated kinase activity in the entorhinal cortex is necessary for long-term spatial memory. Learn. Mem. 9 (4), 156–166. doi:10.1101/lm.48502
 Innamorato, N. G., Rojo, A. I., Garcia-Yague, A. J., Yamamoto, M., de Ceballos, M. L., and Cuadrado, A. (2008). The transcription factor Nrf2 is a therapeutic target against brain inflammation. J. Immunol. 181 (1), 680–689. doi:10.4049/jimmunol.181.1.680
 Islam, M. T. (2016). Oxidative stress and mitochondrial dysfunction-linked neurodegenerative disorders. Neurol. Res. 39 (1), 73–82. doi:10.1080/01616412.2016.1251711
 Kyriakis, J. M., and Avruch, J. (2001). Mammalian mitogen-activated protein kinase signal transduction pathways activated by stress and inflammation. Physiol. Rev. 81 (2), 807–869. doi:10.1152/physrev.2001.81.2.807
 Li, H., Xu, G., Wu, D., Li, J., Cui, J., and Liu, J. (2021). Effects of ethyl acetate extract from Coreopsis tinctoria on learning and memory impairment in d-galactose-induced aging mice and the underlying molecular mechanism. Food Funct. 12 (6), 2531–2542. doi:10.1039/d0fo03293j
 Li, M., Dou, L., Jiao, J., Lu, Y., Guo, H.-B., Man, Y., et al. (2012). NADPH oxidase 2-derived reactive oxygen species are involved in dysfunction and apoptosis of pancreatic β-cells induced by low density lipoprotein.Cell. Physiol. biochem. 30 (2), 439–449. doi:10.1159/000339037
 Lim, G. P., Chu, T., Yang, F., Beech, W., Frautschy, S. A., and Cole, G. M. (2001). The curry spice Curcumin reduces oxidative damage and amyloid pathology in an alzheimer transgenic mouse. J. Neurosci. 21 (21), 8370–8377. doi:10.1523/jneurosci.21-21-08370.2001
 Liu, M., Chang, X., Yan, J., Yi, S., Lin, Y., Yue, Z., et al. (2011). Effects of moxibustion pretreatment on GSH-Px, SOD and MDA in gastric mucosa of rats with stress ulcer. J. Acupunct. Tuina Sci. 9 (1), 17–20. doi:10.1007/s11726-011-0461-0
 Lushchak, V. I. (2014). Free radicals, reactive oxygen species, oxidative stress and its classification. Chem. Biol. Interact. 224, 164–175. doi:10.1016/j.cbi.2014.10.016
 Masters, C. L. (2020). Major risk factors for alzheimer’s disease: Age and genetics. Lancet. Neurol. 19 (6), 475–476. doi:10.1016/s1474-4422(20)30155-1
 Niso-Santano, M., González-Polo, R. A., Bravo-San Pedro, J. M., Gómez-Sánchez, R., Lastres-Becker, I., Ortiz-Ortiz, M. A., et al. (2010). Activation of apoptosis signal-regulating kinase 1 is a key factor in paraquat-induced cell death: Modulation by the Nrf2/Trx axis. Free Radic. Biol. Med. 48 (10), 1370–1381. doi:10.1016/j.freeradbiomed.2010.02.024
 Öztürk-Ürek, R., Bozkaya, L. A., and Tarhan, L. (2001). The effects of some antioxidant vitamin- and trace element-supplemented diets on activities of SOD, CAT, GSH-Px and LPO levels in chicken tissues. Cell biochem. Funct. 19 (2), 125–132. doi:10.1002/cbf.905
 Pirger, Z., Rácz, B., and Kiss, T. (2009). Dopamine-induced programmed cell death is associated with cytochrome c release and caspase-3 activation in snail salivary gland cells. Biol. Cell 101 (2), 105–116. doi:10.1042/BC20070168
 Ricci, D., Epifano, F., and Fraternale, D. (2017). The essential oil of Monarda didyma L. (Lamiaceae) exerts phytotoxic activity in vitro against various weed seed. Molecules 22 (2), 222. doi:10.3390/molecules22020222
 Ruan, Q., Hu, X., Ao, H., Ma, H., Gao, Z., Liu, F., et al. (2014). The neurovascular protective effects of huperzine A on D-galactose-induced inflammatory damage in the rat Hippocampus. Gerontology 60 (5), 424–439. doi:10.1159/000358235
 Saito, H. (2013). Toxico-pharmacological perspective of the Nrf2-Keap1 defense system against oxidative stress in kidney diseases. Biochem. Pharmacol. 85 (7), 865–872. doi:10.1016/j.bcp.2013.01.006
 Shao, L., Dong, C., Geng, D., He, Q., and Shi, Y. (2021). Ginkgolide B protects against cognitive impairment in senescence-accelerated P8 mice by mitigating oxidative stress, inflammation and ferroptosis. Biochem. Biophys. Res. Commun. 572, 7–14. doi:10.1016/j.bbrc.2021.07.081
 Tzekaki, E. E., Papaspyropoulos, A., Tsolaki, M., Lazarou, E., Kozori, M., and Pantazaki, Α. A. (2021). Restoration of BMI1 levels after the administration of early harvest extra virgin olive oil as a therapeutic strategy against Alzheimer’s disease. Exp. Gerontol. 144, 111178. doi:10.1016/j.exger.2020.111178
 Wilkinson, B. L., and Landreth, G. E. (2006). The microglial NADPH oxidase complex as a source of oxidative stress in Alzheimer's disease. J. Neuroinflammation 3 (1), 30. doi:10.1186/1742-2094-3-30
 Xie, Z., Wen, T., Zhang, Z., Huang, K., Wu, T., Liu, J., et al. (2018). Immuno modulatory effects of bergapten attenuates D-galactose-induced aging model in balb/C mice. Int. J. Pharmacol. 14 (7), 936–944. doi:10.3923/ijp.2018.936.944
 Xu, J., Wang, F., Guo, J., Xu, C., Cao, Y., Fang, Z., et al. (2020). Pharmacological mechanisms underlying the neuroprotective effects of Alpinia oxyphylla miq. On alzheimer’s disease. Int. J. Mol. Sci. 21 (6), 2071. doi:10.3390/ijms21062071
 Xu, P., Wang, K., Lu, C., Dong, L., Gao, L., Yan, M., et al. (2017). The protective effect of lavender essential oil and its main component linalool against the cognitive deficits induced by D-galactose and aluminum trichloride in mice. Evid. Based. Complement. Altern. Med. 2017, 7426538–7426611. doi:10.1155/2017/7426538
 Yang, Y., Jiang, S., Yan, J., Li, Y., Xin, Z., Lin, Y., et al. (2015). An overview of the molecular mechanisms and novel roles of Nrf2 in neurodegenerative disorders. Cytokine Growth Factor Rev. 26 (1), 47–57. doi:10.1016/j.cytogfr.2014.09.002
 Zhou, R., Yang, X., Li, X., Qu, Y., Huang, Q., Sun, X., et al. (2019). Recombinant CC16 inhibits NLRP3/caspase-1-induced pyroptosis through p38 MAPK and ERK signaling pathways in the brain of a neonatal rat model with sepsis. J. Neuroinflammation 16 (1), 239. doi:10.1186/s12974-019-1651-9
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Guo, Qu, Li, Shen, Cui, Liu, Li and Wu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-13-992269-t001.jpg
Peak

o L . e o

Compounds

b-Thugene
a-Pinene
Myrcene
Terpinolene
0-Cymene
y-Terpinene
Thymol

Peak area (%)

3.62

0.55%
1.63%
2.89%
11.0%
16.6%
63.8%

Retention time (min)

651
6.67
777
854
876
979
17.86





OPS/images/fphar-13-992269-t002.jpg
Group

control
model
donepezil
oil-L
oil-M
oil-H
thymol-L
thymol-M
thymol-H

N coimaral Wil Bl Y 1005 dokkpared with ol e € TS Grpiad b Sinssiil wd 5 £ 005

SOD (U/mg)

27633 + 12.89
13228 + 6.77%
27145 £ 13.49°
145.46 + 8.93"
189.35 + 11.28"
25623 + 1471
17452 + 9.05
23464 £ 10.48"
263.18 + 12.54"

GSH-Px (U/mg)

23678 + 1553
10585 £ 9.36*

22957 + 1264
137.62 + 8.69°
159.35 £ 9.04"%
21081 + 1237
147.38 + 8.66"
185.15 + 9.34°
227.04 + 13.67°

MDA (nmol/mg)

652+ 080
18.35 + 1.89*
624+ 115
17.65 + 203"
1249 + 125"
6.89 + 095"
14,60 + 111°%
1036 + 105"
597 £ 050"

AchE (U/mg)

041 001
058 £ 0.08*
042 +0.02°
054 £ 0.03%
050 £ 0.03"%
045 +0.03°
052 +0.03"
046 002
041 £ 002"





OPS/images/fphar-13-992269-g003.gif





OPS/images/fphar-13-992269-g004.gif
- s o
e






OPS/xhtml/nav.xhtml
Contents

		Cover

		Protective effect of Monarda didymaL. essential oil and its main component thymol on learning and memory impairment in aging mice		1 Introduction

		2 Materials and methods		2.1 Reagents

		2.2 Animals

		2.3 Analysis of components in Monarda didymaL. volatile oil by GC-MS

		2.4 Establishment of animal model and administration

		2.5 The behavioral test

		2.6 Hematoxylin-eosin staining

		2.7 Detection of AchE, SOD, MDA, and GSH-Px in the hippocampus of mice

		2.8 Detection of Nrf2 and MAPK pathways related protein expression by western blot assay

		2.9 Statistical analysis





		3 Results		3.1 Analysis of Monarda didymaL. essential oil composition

		3.2 Effect of Monarda didymaL. essential oil and thymol on the performance of mice in morris water maze test

		3.3 Neuroprotective effects of Monarda didymaL. essential oil and thymol on a D-galactose-induced mice model in step-through test

		3.4 Effects of Monarda didymaL. essential oil and thymol on histopathological changes in the hippocampus

		3.5 Effects of Monarda didymaL. essential oil and thymol on the serum SOD, GSH-Px, MDA, and AchE in mice

		3.6 Effects of Monarda didymaL. essential oil and thymol on related proteins in the Nrf2 and MAPK pathways





		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Pharmacology

Protective effect of Monarda
didymal. essential oil and its
main component thymol on
learning and memory
impairment in aging mice





OPS/images/fphar-13-992269-g001.gif
i' H o]
PIPEPIILS  PEPIPIRSS





OPS/images/fphar-13-992269-g002.gif
PEOIERFEE | AL EALSy









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





